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In a series of papers, Eringen [1] put forward the theory of sim-
ple microfluids, as the simpler continuum theory which takes
account of local deformations within a volume element of
the fluid without using the molecular points of view and the
methods of statistical mechanics.
A simple microfluid is a fluent medium whose properties
and behavior are affected by the local motions of the material
particles contained in each of the volume elements. They
include fluids having surface tensions, an isotropic fluid, vertex
fluids and fluids in which other gyration effects are important.The theory of polar fluids has come into prominence because
of the increasing interest in the internal structure of fluids
and the nature of molecular motion. It has possible applica-
tions in the flow of animal blood in flow problems in struc-
tured fluids and ion containing fluids. Certain isotropic fluids
and polymeric substances fall into this category and as such
we can study the basic nature and flow behavior of a wide class
of fluids with the help of micropolar constitutive equations.
However, these fluids differ from Newtonian fluids in that they
exhibit microrotational effects and can support couple stresses
and body couples. Further, they include classical Newtonian
fluid as a special case. Theory of micropolar fluid has received
a considerable attention as because traditional Newtonian flu-
ids cannot precisely represent the fluids with suspended parti-
cles. Physically micropolar fluids are non-Newtonian fluids
consisting of dumbbell molecules, polymer fluids, fluid suspen-
sions and animal bloods. Moreover, the presence of dust or
Nomenclature
B0 magnetic induction
C concentration of chemical species
Cf non-dimensional skin friction
D mass diffusivity
L buoyancy parameter
Mw non-dimensional wall couple stress
Nu Nusselt number
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T temperature in the fluid
g gravitational acceleration
Kc dimensional reaction parameter
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u, v velocity components
Cp specific heat at constant pressure
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N coupling number
Pr Prandtl number
Sh Sherwood number
T1 ambient temperature
g microrotation
Kc chemical reaction parameter
mw wall couple stress
Greek symbols
k vortex viscosity
x component of microrotation
c spin-gradient viscosity
a thermal diffusivity
q fluid density
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e1 thermal stratification parameter
sw wall shear stress
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r fluid electrical conductivity
t kinematic viscosity
bc solutal expansion coefficient
e2 solutal stratification parameter.
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Subscripts
w condition at wall
1 outer edge of the boundary layer
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Figure 1 Flow geometry.
2968 P.K. Rout et al.smoke in a gas can be effectively modeled using theory of
micropolar fluid. Micropolar fluids are fluids consisting of ran-
domly oriented particles suspended in a viscous medium.
The model of micropolar fluid represents fluids consisting
of rigid, randomly oriented (or spherical) particles suspended
in a viscous medium where the deformation of the particles
is ignored. Micropolar fluids stimulate the flow characteristics
of hematological suspensions, colloidal suspensions, geomor-
phologic sediment liquid crystals and lubricants. Mathematical
equations of micropolar fluids and applications in the theory
of lubrications and porous media are given by Lukaszewicz
[2]. Bakr [3] has studied the effects of chemical reaction on
MHD free convection and mass transfer flow of a micropolar
fluid with oscillatory plate velocity and constant heat source in
a rotating frame of reference. Another important area of appli-
cation is that boundary layer control and thermal protection in
high energy flow by means of wall velocity and mass transfer in
the flow domain. Considerable attention has also been paid to
thermal boundary layer flows over moving boundaries [4].
In recent years, several boundary layer flow problems have
attracted many researchers to work on MHDmicropolar fluids
[5–10]. Zeeshan and Ellahi [11] have analyzed series solutions
of nonlinear partial differential equations with slip boundary
conditions for non-Newtonian MHD fluid in porous space.
Akbar et al. [12] have studied the interaction of nanoparticles
for the peristaltic flow in an asymmetric channel with the
induced magnetic field. Chang and Lee [13] considered a free
convection problem in a thermal stratified micropolar fluid
flow along a vertical plate in the presence of constant heat flux.
Further, Srinivasacharya and Upendar [14] have discussed the
effect of doubly stratified medium i.e. thermal and solutal
stratified mediums. In their study they have reported the
effects of heat and mass transfer on flow characteristics ofconducting micropolar fluid in the presence of uniform trans-
verse magnetic field. The polymeric and colloidal substances
particularly, ion containing fluids which fall into the category
of micropolar fluid are prone to chemical reaction which
affects the flow substantially.
Therefore, the objective of the present study was to analyze
the characteristic of velocity, thermal and solutal boundary
layers which are affected by chemical reaction of reactive spe-
cies. Moreover, it is intended to study the effects of free con-
vection as well as resistance offered by electromagnetic force
due to the presence of transverse magnetic field.
2. Mathematical formulation
The problem studied here is a steady laminar incompressible
two dimensional free convection flow of an electrically
conducting micropolar fluid associated with heat and mass
Chemical reaction effect on MHD free convection flow 2969transfer phenomena over a semi infinite vertical plate embed-
ded in a stratified medium. The flow is assumed to be in x
direction which is taken along the plate in upward direction
and y-axis is normal to it. A uniform magnetic field of strength
B0 is acting along the y-axis. The physical model and coordi-
nate system are shown in Fig. 1.
The plate is maintained at temperature TwðxÞ and concen-
tration CwðxÞ. The temperature and the mass concentration
at the ambient state are assumed to be T1ðxÞ ¼ T1;0 þ A1x
and C1ðxÞ ¼ C1;0 þ B1x; respectively where A1 and B1 are
constants and vary in order to change the intensity of stratifi-
cation in the medium where T1;0 and C1;0 are the ambient
temperature and concentration at x ¼ 0 respectively. The gov-
erning equations of the present flow model (steady two dimen-
sional without rotating frame of reference) following Bakr [3]
are as follows.
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The boundary conditions are as follows:
u¼ 0; v¼ 0; x¼ 0; T¼ TwðxÞ; C¼ CwðxÞ at y¼ 0
u! 0; x! 0; T! T1ðxÞ; C! C1ðxÞ as y!1

ð6Þ3. Method of solution
The continuity Eq. (1) is satisfied by introducing the stream
function w such that
u ¼ @w
@y
; v ¼  @w
@x
ð7Þ
In order to explore the possibility for the existence of sim-
ilarity, we assume
w ¼ AxafðgÞ; g ¼ Byxb; x ¼ E xe gðgÞ
hðgÞ ¼ TT1;0DT  A1xDT ; DT ¼ TwðxÞ  T1;0 ¼M1xm
/ðgÞ ¼ CC1;0DC  B1xDC ; DC ¼ CwðxÞ  C1;0 ¼ N1xn
9>=
>; ð8Þ
Substituting Eqs. (7) and (8) in (2)–(5), it is found that sim-
ilarity exists only if a ¼ 1; b ¼ 0; c ¼ 1;m ¼ n ¼ 1.
Hence, appropriate similarity transformations are
w ¼ AxfðgÞ; g ¼ B y; x ¼ E x gðgÞ
hðgÞ ¼ TT1;0DT  A1xDT ;DT ¼ TwðxÞ  T1;0 ¼ M1x
/ðgÞ ¼ CC1;0DC  B1xDC ;DC ¼ CwðxÞ  C1;0 ¼ N1x
9>=
>; ð9Þ
Making use of the dimensional analysis, the constants
A; B; E; M1 and N1 are the dimensions of velocity, reciprocal
of length, the reciprocal of the product of length and time,the ratio of temperature and length and the ratio of concentra-
tion and length respectively. Substituting (9) into Eqs. (2)–(5)
and using the following non-dimensional parameters
Pr ¼ ma ; Sc ¼ mD ; J ¼ 1=ðjB2Þ; N ¼ klþk ð0 6 N < 1Þ
k ¼ c
jqc ; L ¼ bcbT DCDT ; M ¼
rB2
0
lB2
; e1 ¼ xDT ddx ½T1ðxÞ
e2 ¼ xDC ddx ½C1ðxÞ
9>=
>;
we get
1
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þ L/Mf 0 ¼ 0; ð10Þ
f 0g fg0 ¼ kg00  N
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1
Pr
h00 þ fh0  f 0h e1f 0 ¼ 0; ð12Þ
1
Sc
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where primes denote differentiation with respect to g.
The corresponding boundary conditions are given by
fð0Þ¼ 0; f 0ð0Þ¼ 0; gð0Þ¼ 0; hð0Þ¼ 1 e1; /ð0Þ¼ 1 e2 at g¼ 0
f 0ð1Þ! 0; gð1Þ! 0; hð1Þ! 0; /ð1Þ! 0 as g!1

ð14Þ
The wall shear stress and the wall couple stress are given by
sw ¼ ðlþ kÞ @u
@y
þ kx
 
y¼0
; mw ¼ c @x
@y
 
y¼0
ð15Þ
The non-dimensional skin friction Cf ¼ 2swqA2 and wall couple
stress Mw ¼ BqA2 mw, where A is the characteristic velocity, are
given by
Cf ¼ 2
1N
 
f 00ð0Þx;Mw ¼ k
J
g0ð0Þ x ð16Þ
where x ¼ Bx.
The heat and mass transfers from the plate, respectively, are
given by
qw ¼ k
@T
@y
 
y¼0
and qm ¼ D
@C
@y
 
y¼0
ð17Þ
The non-dimensional rate of heat transfer (Nusselt number)
Nu ¼ qw
BkðTwT1Þ and rate of mass transfer (Sherwood number)
Sh ¼ qm
DB½CwC1 are given by
Nu ¼ h0ð0Þ and Sh ¼ /0ð0Þ ð18Þ4. Results and discussion
In the following discussion, effects of chemical reaction along
with other pertinent parameters on MHD free convection and
mass transfer flow of micropolar fluid along a semi-infinite ver-
tical plate have been presented. The numerical results for the
velocity, microrotation, temperature and concentration are
presented through graphs and Table 1 for different values of
characterizing parameters. We have chosen fixed values of
k ¼ 0:1; J ¼ 0:1 and Pr ¼ 1 throughout the discussion. We have
discussed the work of [14] as a particular case of the present
study in the absence of chemical reaction (Kc ¼ 0) for validation.
Table 1 Numerical values of f 00ð0Þ; g0ð0Þ; h0ð0Þ and /0ð0Þ.
M N e1 e2 Pr Sc Kc f 00ð0Þ g0ð0Þ h0ð0Þ /0ð0Þ
1 0.5 0.1 0.2 1 0.22 0 0.519737 0.018909 0.524752 0.165944
1 0.5 0.1 0.2 1 0.22 1 0.554287 0.020944 0.547249 0.013346
2 0.5 0.1 0.2 1 0.22 1 0.47096 0.016494 0.493984 0.00953
1 0.9 0.1 0.2 1 0.22 1 0.182549 0.082064 0.403801 0.010623
1 0.5 0.2 0.2 1 0.22 1 0.529293 0.019941 0.517581 0.027208
1 0.5 0.1 0.1 1 0.22 1 0.598529 0.022531 0.565456 0.021544
1 0.5 0.1 0.2 7 0.22 1 0.424966 0.006034 1.452903 0.23663
1 0.5 0.1 0.2 1 0.78 1 0.581184 0.020752 0.553135 0.25489
1 0.5 0.1 0.2 1 0.22 1 0.292315 0.002829 2.769332 0.20439
2 0.5 0.1 0.2 100 0.22 1 0.589242 0.02063 0.554223 0.35207
0 0.5 0.1 0.2 1 0.22 1 0.663917 0.027185 0.591564 0.037804
1 0 0.1 0.2 1 0.22 1 0.84389 0.003677 0.609721 0.013471
1 0.5 0.1 0.2 1 0.22 4 0.650974 0.026079 0.599991 0.45693
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Figure 2 Effect of M and Kc on velocity profile.
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2970 P.K. Rout et al.Fig. 2 exhibits the velocity distribution for different values
of magnetic parameter in the presence/absence of chemical
reaction. It is observed that an increase in magnetic parameter
decreases the velocity. But in the presence of destructive reac-
tion (Kc > 0), opposite effect is observed. The decrease in
velocity is an established result due to resistive force of electro-
magnetic origin. i.e. Lorentz force. The same was observed by
[14]. The increase in velocity due to increase in chemical reac-
tion parameter was also reported by [3]. Thus, it is concluded
that destructive chemical reaction overrides the resistive Lor-
entz’s force in enhancing the velocity.
Fig. 3 shows the effect of coupling parameter (N) on veloc-
ity distribution. It is remarked that the effect of N is the same
as the magnetic parameter. Material property of micropolar
fluid generates a resistive force across the velocity boundary
layer as a result of which velocity decreases due to the coupling
parameter.
From Figs. 4 and 5 it is observed that an increase in thermal
stratification and solutal stratification causes a decrease in
velocity. To sum up, magnetic parameter, coupling parameter
and stratification parameter reduce the velocity distribution
across the boundary layer whereas the presence of destructive
chemical reaction enhances it.Figs. 6–9 represent the microrotation profile for different
values of the parameters. The common characteristic of micro-
rotation profiles is to change the direction of the motion. i.e.
some portions of the profile fall in negative part and others
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Chemical reaction effect on MHD free convection flow 2971in positive. The striking feature of the distribution is that at
g ¼ 1:5 (approx.), the profiles intersect each other suggesting
the reverse effect for g > 1:5. On careful study of the profiles,it is observed that magnetic parameter and chemical reaction
parameters of the reactive species reduce the angular velocity
in a layer, 0 < g < 1:2. Thereafter, the reverse effect is
observed. Further, the effect of coupling number is seen from
Fig. 7. It is to remark that when there is no coupling effect
(N ¼ 0), angular velocity remains constant throughout the
flow domain which is also pointed out by [14]. Another inter-
esting feature of the coupling parameter is that the low cou-
pling generates small microrotation. The effects of stratified
parameters are the same as those of magnetic parameter.
Figs. 10–13 exhibit the temperature distributions in the
thermal boundary layer. It is observed that the presence of
chemical reaction reduces the temperature irrespective of the
presence/absence of the magnetic field. On the other hand,
higher magnetic field enhances it. The reduction in tempera-
ture by chemical reaction may be due to some amount of heat
energy is used to augment the chemical reaction. Further, com-
paring the effect of magnetic field on velocity and temperature
distribution it is concluded that magnetic parameter resists the
motion of the fluid i.e. to reduce the linear momentum as a
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2972 P.K. Rout et al.result of which some amount of work is done which is con-
verted to heat energy enhancing the temperature. Further, it
is to note that an increase in coupling effect results in enhanc-
ing the temperature whereas thermal stratification reduces the
temperature but solutal stratification enhances it.
Fig. 14 displays concentration profile across the flow
domain. It is seen that the presence of chemical reaction
enhances the concentration distribution resulting thicker solu-
tal boundary layer. On the other hand, increase in solutal strat-
ification gives rise to thinner boundary layer. It is concluded
that higher solutal stratification is desirable in controlling the
growth of solutal boundary layer.
The surface phenomena in flow and heat transfer model are
important for predicting the stability of flow, heat and mass
transfer. The numerical values of shear stress, f 00ð0Þ at the plate
(skin friction), couple stress g0ð0Þ, temperature gradient,
h0ð0Þ (Nusselt number), rate of mass transfer, /0ð0Þ (Sher-
wood Number) at the plate are enumerated in tabular form.
All the discussions are pertaining to assisting buoyancy forces
i.e. R > 0 and L > 0.
Following observations are made:0 1 2 3 4 5 6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
η
φ
ε2 = 0
ε2 =0.1
ε2 = 0.2 Kc = 0
K
c
 = 1
N = 0.5, M = 1
Figure 14 Effect of e2 and Kc on concentration profile.
Chemical reaction effect on MHD free convection flow 2973The presence of magnetic field reduces the skin friction,
couple stress, rate of heat transfer and rate of mass transfer
at the wall. Thus, it is concluded that application of magnetic
field generates a resistive force (Lorentz Force) which supple-
ments to the flow, thermal and solutal stability. Further, it is
interesting to remark that a deviation is marked in case of cou-
pling parameter on couple stress (N) by increasing it. Now,
considering the effects of thermal stratification and solutal
stratification, it is revealed that an increase in thermal stratifi-
cation enhances the rate of mass transfer whereas the solutal
stratification enhances the rate of heat transfer. Thus, it is con-
cluded that variations in free stream state have a note worthy
impact on bounding surface. Moreover, on careful analysis of
the effects of Schmidt Number (Sc) and reaction rate
parameter (Kc) it is revealed that both enhance the skin fric-
tion, couple stress and Nusselt Number but reduce the solutal
concentration at the wall. Therefore, it is to note that an
increase in Sc, representing heavier species, with positive reac-
tion rate (destructive reaction) is favorable in augmenting the
skin friction, couple stress and rate of heat transfer at the plate.
Now, an increase in Pr (Kinematic Viscosity/Thermal diffusiv-
ity), means slow rate of thermal diffusion, enhances the skin
friction and couple stress but reduces the rate of heat and mass
transfer at the plate.
5. Conclusion
 The effect of destructive chemical reaction is to enhance the
velocity. This agrees well with [3].
 The effect of magnetic field is to reduce the velocity. This
also agrees with [14].
 Magnetic parameter, coupling parameter and stratification
parameter reduces the velocity distribution across the
boundary layer whereas the presence of chemical reaction
enhances it.
 The magnetic parameter and chemical reaction parameter
reduce the microrotation in the layers close to the plate
(same as [3]).
 Low coupling generates small microrotation.
 Thermal stratification reduces the temperature but solutal
stratification enhances it.
 Higher solutal stratification is desirable in controlling the
growth of solutal boundary layer.
 Heavier species with positive reaction rate is favorable in
augmenting the skin friction, couple stress and rate of heat
transfer at the plate.
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